Interleukin 2 (IL-2) receptors are expressed on activated T cells and in select T-cell leukemias. Recently, it has been demonstrated that at least two classes of receptor for IL-2 exist with markedly different affinities for ligand. All known biological actions of IL-2 have been correlated with occupancy of high-affinity sites; the function of the low-affinity sites remains unknown. Receptor-mediated endocytosis is the primary means of internalization of cell-surface receptors and their ligands. The internalization of IL-2 bound to high-and low-affinity receptor sites was studied in a human T-cell lymphotrophic virus type 1 (HTLV-1)-infected human T-cell leukemia cell line and in a cloned murine cytotoxic T-cell line (CTLL). Internalization of IL-2 occurred only when bound to high-affinity sites. In addition, an anti-receptor antibody (anti-Tac), which binds equally well to high-and low-affinity sites, demonstrated no detectable internalization. The implications of these findings as they relate to IL-2 receptor structure and function are discussed.
The lymphocyte growth factor interleukin 2 (IL-2) is produced by T cells after stimulation with antigen or mitogen in the presence of interleukin 1. Concomitant with the production of IL-2, T cells synthesize surface receptors for IL-2. The IL-2 receptor has been purified and biochemically characterized (1) (2) (3) (4) . Binding studies have demonstrated that T cells display at least two classes of receptors with high and low affinity for . In all of the cell types studied, the high-affinity receptors, which bind IL-2 =1000 times more avidly than the low-affinity sites, represent <10% of the total receptors. The ability ofIL-2 to promote cellular proliferation is analogous to that of other growth factors. Receptors for most known growth factors mediate the rapid internalization of their specific ligands via receptor-mediated endocytosis (6) . The recent molecular cloning and sequencing of the cDNAs for the IL-2 receptor has revealed a transmembrane structure with a 13-amino acid cytoplasmic domain (7) (8) (9) . This cytoplasmic portion is much shorter than those of other receptors known to be endocytosed, such as receptors for epidermal growth factor (10), insulin (11) , low-density lipoprotein (12) , and transferrin (13) . Moreover, all of the biological effects of IL-2 appear to be associated with occupancy of high-affinity receptors (5, 14) . These findings stimulated us to examine the internalization of both the lowand high-affinity forms of this receptor. We present here evidence that IL-2 bound to high-affinity receptors is internalized, whereas occupied low-affinity receptors do not mediate internalization of IL-2. In addition, we find no evidence for internalization of a monoclonal antibody directed against the IL-2 receptor. Monoclonal anti-Tac antibody was purified by protein A-Sepharose affinity chromatography. Anti-transferrin receptor monoclonal antibody OKT9 was prepared from ascites fluid using DEAE-Affi-Gel blue (Bio-Rad). OKT9 and anti-Tac were iodinated by Enzymobeads (Bio-Rad) according to the supplier's instructions. After 30 min to 1 hr of iodination at room temperature, the reaction mixture was passed through a Sephadex G-25 column (Pharmacia PD-10) that had been equilibrated with phosphate-buffered saline (pH 7.4) and the protein peak was recovered.
MATERIALS AND METHODS
HUT-102B2 cells were grown in RPMI 1640 medium with 10% fetal bovine serum. Cloned murine cytotoxic T lymphocyte (CTLL) cells were cultured in medium consisting of RPMI 1640 with 10% fetal bovine serum supplemented with 10% conditioned medium containing IL-2 (Cellular Products, Buffalo, NY) and 50 ,tM 2-mercaptoethanol. Cells were harvested by centrifugation at 300 x g for 5 min at 4°C and washed three times in RPMI 1640 medium with 25 mM Hepes/0.1% bovine serum albumin.
IL-2 Binding Studies. Cells were resuspended in RPMI 1640 medium/25 mM Hepes/1% bovine serum albumin/human IgG (1 mg/ml), pH of 7.4. They were then incubated at 4°C with 125I-labeled IL-2 at the appropriate concentrations.
After 30 min at 4°C, the cell suspensions were either left at 4°C or warmed to 37°C prior to recooling to 4°C. Nonspecific binding was determined by inclusion of at least a 100-fold molar excess of either recombinant IL-2 or anti-Tac.
Recombinant IL-2 was combined with iodinated material to achieve a final concentration of 40 nM, resulting in a final specific activity of 3.35 cpm/fmol. Studies conducted at 14
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pM IL-2 used 1251-labeled IL-2 at a specific activity of 590 cpm/fmol.
To determine internalization, a high salt acid wash was performed. Previous studies have demonstrated that the development of acid resistance may be used as an indicator of internalization (15) . An aliquot of cell suspension was added to an equal vol of 0.5 M NaCl/0.5 M acetic acid, pH 2.2, and immediately layered onto a cushion of dibutyl phthalate (Aldrich). The tubes were then spun for 1 min in a Beckman Microfuge, the tips containing the cell pellet were removed, and their radioactivity was measured in a Packard 5060 Autocount Gamma Counter. To determine total cellassociated 125I-labeled IL-2, a sham wash was carried out using phosphate-buffered saline (pH 7.2-7.4) in place of 0.5 M NaCl/0.5 M acetic acid. All and acid wash, again there was no residual cell-associated "5I-labeled IL-2.
As noted in Fig. 1A , subtraction of nonspecific binding resulted in negative numbers for the cell-associated material that remained after the acid wash (9-18% of total cellassociated 125I); 100-fold molar excess of unlabeled IL-2 was used for determination of nonspecific binding. Unlike IL-2, the monoclonal anti-IL-2 receptor antibody anti-Tac binds equally well to high-and low-affinity sites. Hence, -90% of cell-associated anti-Tac is located on low-affinity binding sites. In sufficient concentration, anti-Tac can block all specific binding of IL-2 (1, 16, 17) . Accordingly, a 100-fold molar excess of this antibody was used as an alternative means of determining nonspecific binding (Fig. 1B) . Here too, when cells were maintained at 4°C there was no significant degree of acid resistance. When cells were warmed for 30 min, as described above, there was development of only 12% acid resistance.
Using development of protease resistance as a measure of internalization, we examined whether 1251I-labeled anti-Tac was internalized via the IL-2 receptor in HUT-102B2 cells.
As shown in Fig. 2 , there was no time-or temperaturedependent internalization of radiolabeled anti-Tac over 30 min. Furthermore, addition of polyclonal anti-mouse IgG to cells previously bound with anti-Tac did not enhance its internalization. In contrast, the anti-transferrin receptor (Fig. 3) .
The need to ensure that only high-affinity sites were occupied limited the concentration of ligand used in studying the high-affinity receptor. Because only 14 pM IL-2 was used in these binding studies, 70% of the added label became associated with the HUT-102B2 cells. The resultant depletion of extracellular ligand made it impossible to examine continued uptake of ligand and potential receptor cycling. Thus, the development of 80% acid resistance does not necessarily imply a depletion of high-affinity binding sites on the cell surface.
HUT-102B2 cells grow independently of exogenous IL-2. To determine whether the findings presented above are applicable to IL-2-dependent cells, additional studies analogous to those presented in Figs. 1 and 3 pied (data not shown). No internalization was detected at concentrations at which low-affinity binding accounted for the majority of cell-associated ligand.
Our data suggest that high-affinity IL-2 binding sites are able to mediate endocytosis of ligand. In contrast, we are unable to demonstrate a significant degree of internalization via low-affinity' sites. The small degree of acid resistance that does appear to develop at concentrations of ligand sufficient to occupy low-affinity sites (Fig. 1B) can be easily accounted for by those high-affinity receptor sites that are also occupied.
DISCUSSION
Receptor-mediated endocytosis is characteristic of all growth factor receptor systems including epidermal growth factor (6) and insulin (18) . It remains unclear whether or not endocytosis itself plays a role in signal transduction. Although evidence of IL-2 internalization has been reported previously, the selective internalization via the biologically active high-affinity receptors had not been previously appreciated (14) . The differences between high-and low-affinity IL-2 receptors presented here are analogous to those reported for nerve growth factor receptors (19) . The inability of low-affinity sites to mediate endocytosis raises the issue of what differentiates biochemically these two classes of binding sites. It is unlikely that the failure to observe internalization by low-affinity sites was a direct consequence of the affinity of the ligand-receptor interaction. These receptors, although termed low affinity, bind ligand with dissociation constants similar to those of other receptors that undergo receptor-mediated endocytosis.
It is widely assumed that the cytoplasmic domain of receptors mediate the interactions that allow endocytosis to occur (20) . It may well be that the short 13-amino acid intracellular peptide predicted for the IL-2 receptor does not encode information sufficient for internalization. How then are the high-affminty IL-2 receptor sites endocytosed? We think that there are two major possibilities. First, the IL-2 receptor may be associated noncovalently with other membrane proteins as part of a receptor complex. The formation and/or modification of such a complex would be required for high-affinity binding, internalization, and signal transduction. Alternatively, the high-affinity receptor may represent the product of a gene distinct from the one that has been cloned and characterized. Each of the cDNA clones for the IL-2 receptor was isolated by using synthetic oligonucleotide probes prepared based on the protein sequence of receptor protein derived from HTLV-1-infected cells (7) (8) (9) . These cells predominantly express low-affinity receptors. If the high-and low-affinity receptors are products of different genes, then the cloned product is far more likely to be the low-affinity receptor. We think it unlikely that the high-and low-affinity receptors are products of two different genes because of the finding of shared epitopes in high-and low-affinity receptors. In humans, anti-Tac binds to both high-and l6w-affinity receptors. In the mouse, the 3C7 monoclonal anti-IL-2 receptor antibody blocks IL-2 binding to both high-and low-affinity sites (21) . In addition, a second monoclonal antibody (7D4) directed against the murine receptor binds to both classes of receptor and blocks biological activity, but it does not block ligand binding (21, 22) .
The selective internalization of ligand bound to highaffinity receptors supports the association of receptor-mediated endocytosis with the biological activity of a ligand-receptor interaction. The distinction between the low-and high-affinity IL-2 receptors is underscored by our findings but remains to be explained. Finally, the failure to signiflcantly internalize anti-IL-2 receptor antibody must be considered in attempts to use such antibodies for the intracellular Immunology: Weissman et al.
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,--I + delivery of toxins to IL-2 receptor bearing normal or neoplastic T cells.
